Center). RNAse protection was performed as recommended by the manufacturer (Ambion). Virion-associated RNA used to assess dimerization status was obtained by proteinase K treatment of virions and phenol extraction of purified virus, as described elsewhere 24 .
The hormone insulin is stored in secretory granules and released from the pancreatic ␤-cells by exocytosis 1 . In the consensus model of glucose-stimulated insulin secretion, ATP is generated by mitochondrial metabolism, promoting closure of ATP-sensitive potassium (K ATP ) channels, which depolarizes the plasma membrane 2 In the ␤-cell, mitochondria have a pivotal role in the regulation of glucose-induced insulin secretion, and mitochondrial activation is required for normal signal transduction [7] [8] [9] [10] . Glucose provides substrates and elevates the Ca 2+ concentration in the mitochondrial matrix 9 ([Ca   2+ ] m ), resulting in further activation of the tricarboxylic-acid (TCA) cycle 10 . We have shown previously that mitochondrial activation generates an unidentified mitochondrial factor, distinct from ATP, which directly triggers insulin exocytosis 7 . We screened molecules derived from mitochondrial metabolism for their secretagogue activity in permeabilized ␤-cells as described previously 7 . This screening suggested glutamate as a candidate for the putative messenger. Glutamate is formed in the mitochondria from ␣-ketoglutarate, a TCA-cycle intermediate, by glutamate dehydrogenase 11 . When we incubated rat insulinoma INS-1 cells in the presence of a stimulatory glucose concentration (12.8 mM), cellular glutamate levels increased 4.8-fold within 30 min (Fig. 1a) . The stimulated values correspond to a total intracellular glutamate concentration of approximately 0.22 mM, assuming 200 g protein per l cell water (corresponding to 10 6 INS-1 cells). In isolated human pancreatic islets 12 , glucose (16.7 mM) also augmented glutamate levels from 0:78 Ϯ 0:65 to 3:93 Ϯ 0:04 nmol per mg protein (P Ͻ 0:025, n ¼ 4) during 30 min incubation. The mitochondrial poison FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) inhibited the production of glutamate during glucose stimulation of INS-1 cells (−43% of cellular glutamate; n ¼ 5, P Ͻ 0:01).
Next we investigated the effects on insulin secretion of a glutamate precursor that was permeable to the cell membrane. Dimethylglutamate (5 mM) caused a leftward shift in the concentration dependency of glucose-stimulated insulin secretion in INS-1 cells (Fig. 1b) , in good agreement with observations in rat pancreatic islets 13 . Insulin secretion was not stimulated by dimethylglutamate at basal glucose concentrations or enhanced at optimal glucose concentrations, while secretion was strongly potentiated at intermediate sugar levels. Glutamate is thus formed by mitochondrial metabolism during glucose stimulation (Fig. 1a) and participates in the secretory response (Fig. 1b) . These results are consistent with a role for glutamate, derived from glucose, acting downstream of the mitochondria on insulin exocytosis. Accordingly, glutamate dehydrogenase favours glutamate formation rather than providing substrate for the TCA cycle 11, 13 during glucose stimulation of the ␤-cell. This notion is substantiated by the lack of effect of dimethylglutamate on mitochondrial membrane potential (∆Ψ m ) (reflecting activation of the respiratory chain 10 ), measured as the quenching of rhodamine-123 fluorescence (Fig. 2a) (refs 7, 9, 14) . Therefore, glucose and methyl succinate stimulate insulin secretion by activating mitochondrial metabolism 7, 9, 14 , whereas the metabolic product glutamate apparently participates directly in the secretory process downstream of mitochondrial activation.
To (Fig. 2c, d ). We next measured insulin secretion in the effluent of permeabilized cells perifused with 1 mM ATP and 500 nM [Ca 2+ ] c . Insulin secretion was stimulated by 1 mM succinate ( Fig. 3a) , which activated the mitochondrial metabolism by providing substrate and increasing [Ca 2+ ] m (Fig. 2d) . Despite the absence of a rise in [Ca 2+ ] m , glutamate (1 mM) increased insulin secretion from 0:47 Ϯ 0:08 to 1:09 Ϯ 0:25 ng per min (P Ͻ 0:05, n ¼ 7) (Fig. 3b) , that is, to the same extent as succinate. At 0.1 mM, glutamate still slightly augmented insulin release, from 0:53 Ϯ 0:03 to 0:84 Ϯ 0:13 ng per min (P Ͻ 0:05, n ¼ 4), but 0.02 mM glutamate was ineffective (data not shown). This concentration range agrees well with the glutamate levels we found in glucose-stimulated INS-1 cells (0.22 mM following 30 min incubation; see above).
Succinate-induced insulin secretion requires the associated rise in [Ca 2+ ] m for the generation of a messenger 7, 8 . We propose that the messenger is glutamate because this molecule was able to trigger exocytosis without mitochondrial activation at 500 nM [Ca 2+ ] c ( remains a prerequisite for glutamate-induced activation of the exocytotic machinery. Accordingly, at basal 100 nM [Ca 2+ ] c , glutamate failed to stimulate insulin secretion (Fig. 3c) . As insulin exocytosis requires not only Ca 2+ but also ATP 1 , we next investigated the interactions of ATP and glutamate. Even when the ambient ATP was increased 10-fold to the saturating concentration of 10 mM (at 500 nM [Ca 2+ ] c ), insulin secretion (% cell content per 10 min) was stimulated from 5:29 Ϯ 0:57 to 10:26 Ϯ 2:29 by 1 mM glutamate (P Ͻ 0:05) compared with 11:58 Ϯ 2:08 by 1 mM succinate (P Ͻ 0:02). Thus, ATP does not mediate the effect of glutamate on exocytosis.
We also monitored the changes in cytosolic [ATP] together with insulin secretion in the same permeabilized cells expressing the ATP sensor luciferase in the cytosol 15 . Activation of the mitochondrial respiratory chain, seen as hyperpolarization of ∆Ψ m , promotes the synthesis of ATP in mitochondria. Succinate (1 mM), which hyperpolarized the ∆Ψ m (Fig. 2c) , generated ATP (2. (Fig. 3d) (Fig. 3d) , without activating the respiratory chain, as demonstrated by the lack of effect on ∆Ψ m (Fig. 2c) .
Monitoring of [ATP] in perifused permeabilized cells reflects the net cytosolic ATP concentration resulting from exogenous (buffer) and endogenous (mitochondria) ATP supplies balanced by ATP consumption owing to ATPase activity (mainly Ca 2+ -ATPases). Inhibition of the mitochondrial ATP synthase 10 with oligomycin lowered basal cytosolic [ATP] but did not abolish the effect of glutamate (Fig. 4b) . Moreover, the effect on insulin secretion was well preserved (Fig. 4a) . Under these conditions, succinate did not increase cytosolic [ATP] or insulin exocytosis (data not shown). These results establish that the secretory response evoked by the addition of glutamate does not require mitochondrial metabolism and suggest a non-mitochondrial origin for the ATP augmented by glutamate.
Like chromaffin granules 16 and synaptic vesicles 17 , insulin-containing granules 18, 19 are acidic inside (pH Ϸ 5:0). The pH gradient is generated by a proton pump (vacuolar-type H + -ATPase) using cytosolic ATP 16, 18 . As a consequence, a membrane potential is created which is positive inside 17, 18, 20 . The sum of the pH gradient and the membrane potential, the electrochemical proton gradient, . Dissipation of both the proton gradient and the vesicular membrane potential with protonophores 20 inhibits glutamate uptake 17, 21 . Either FCCP or oligomycin can deplete ATP, but only FCCP affects the vesicular proton gradient, which is left intact by oligomycin. In the presence of FCCP, insulin release was transiently augmented, probably through a direct effect on the granules 21 and, thereafter, glutamate no longer increased insulin secretion and [ATP] (Fig. 4c, d ). This indicates that glutamate uptake by the secretory granules is implicated in the elevation of cytosolic [ATP] . This could be explained by two mechanisms. First, glutamate acidifies vesicles 17, 21 and may thereby reduce the consumption of ATP by the vacuolar-type H + -ATPase. Second, it is possible that glutamate uptake promotes ATP production by reversal of the vacuolar-type H + -ATPase 16, 22 . The effect of glutamate on cytosolic [ATP] was abolished by specific inhibition of the vacuolar ATPase (Fig. 4f) or the vesicular glutamate transporter (Fig. 4h) , further indicating the granules as the ATP source.
Bafilomycin (which blocks the vacuolar ATPase) and FCCP inhibit glutamate uptake by synaptic vesicles 23 . The abrogation of glutamate-induced insulin exocytosis observed with FCCP and bafilomycin (Fig. 4c, e) is probably secondary to blockage of glutamate uptake by the secretory granules. This notion was further substantiated by results obtained with Evans blue, a competitive inhibitor of the vesicular glutamate transporter 21, 23 . Evans blue abolished the glutamate-induced insulin secretion (Fig. 4g) , without affecting insulin release at basal conditions (500 nM Ca 2+ ) (not shown).
In the brain, glutamate is the primary extracellular messenger stored in synaptic vesicles 21 . We propose a novel role for glutamate as an intracellular messenger in insulin exocytosis. Glutamate uptake would render the insulin granules secretion competent. This could occur through the reduction of granular membrane potential 17 or, possibly, through Ca 2+ uptake into the granules, as Ca 2+ depletion of this compartment inhibits insulin exocytosis 24 .
It is of interest in this context that Ca

2+
-evoked exocytosis in permeabilized mast cells is strictly dependent on the presence of glutamate 25 . Glutamate uptake could also result in granule swelling, enabling the granule to fuse with the plasma membrane, a phenomenon described in zymogen granules 26 . The production of glutamate during glucose stimulation unravels an essential role for the mitochondria in exocytosis. Glutamate does not initiate the secretory response and its production from glucose requires Ca 2+ entry into the cell and a rise in [Ca 2+ ] m , which in turn increases the carbon flux through the TCA cycle 8, 27 . The lag in glutamate generation (5-10 min; Fig. 1a) suggests that the molecule is implicated in the second, sustained phase of the biphasic glucose-induced insulin secretion 5 . Therefore, glutamate acts as an intracellular messenger in the normal regulation of insulin secretion in response to glucose (Fig.  5) . It is noteworthy that children with mutations in the glutamate dehydrogenase gene, which results in excessive enzyme activity, display hypersecretion of insulin 28 .
Ⅺ
Methods
Cell culture
INS-1 cells were cultured in RPMI 1640 medium with 5% fetal calf serum (FCS) as previously described 7 . 
Cellular glutamate determination
Attached INS-1 cells or free-floating human islets were cultured in 10-cm Petri dishes and preincubated for 2 h in glucose-free RPMI 1640 medium at 37 ЊC. Cells were then incubated for the indicated times at 37 ЊC in Krebs-Ringer bicarbonate HEPES buffer (KRBH) containing (in mM): 135 NaCl, 3.6 KCl, 10 HEPES (pH 7.4), 5 NaHCO 3 , 0.5 NaH 2 PO 4 , 0.5 MgCl 2 , 1.5 CaCl 2 and 2.8 glucose. The stimulatory glucose concentration was 12.8 mM for INS-1 cells and 16.7 mM for human islets. Stimulation was ended by putting the Petri dishes on ice and adding 1 ml of lysis buffer (20 mM Tris-HCl pH 8.0, 2 mM CDTA, 0.2% Tween-20) to the cells after discarding the incubation buffer. Following protein determination (Bradford's assay), glutamate levels were measured in cell homogenates by monitoring NADH fluorescence augmentation during oxidation of glutamate in the cell extracts in the presence of an excess of glutamate dehydrogenase (BoehringerMannheim) as described 29 , with modifications. NADH fluorescence, excited at 340 nm, was measured at 460 nm in an LS-50B fluorimeter (Perkin-Elmer) before and after a 30-min incubation at room temperature in 1.5 ml buffer (50 mM Tris-HCl pH 9.5, 2.6 mM EDTA, 1.4 mM NAD, 1 mM ADP) and basal NADH was subtracted. Glutamate levels were corrected according to internal standards.
Cell permeabilization
Attached INS-1 cells were grown on coverslips coated with an extracellular matrix 8 
Static insulin secretion
For static incubations, INS-1 cells were cultured for 3-5 days in complete RPMI 1640 medium. Before the experiments, cells were maintained for 2 h in glucose-free culture medium, washed and preincubated in glucose-free KRBH for 30 min and then incubated in the presence of the appropriate stimuli for 30 min at 37 ЊC. Insulin secretion and cellular insulin content extracted with acid-ethanol were determined by radioimmunoassay using rat insulin as a standard 7 . Static incubations of permeabilized cells were performed as previously described 7 . Where indicated, insulin release was measured in the effluent of permeabilized cells undergoing monitoring of luminescence (see next section). For all insulin secretion experiments, 0.1% of bovine serum albumin (Sigma) was added to buffers as carrier.
Mitochondrial membrane potential
The ∆Ψ m was measured in a suspension of intact or ␣-toxin-permeabilized cells previously loaded with 10 g ml ] m , further activating the TCA cycle. Glutamate is then formed from ␣-ketoglutarate (␣KG) by the glutamate dehydrogenase (GDH). Glutamate uptake by granules leads to the second phase of insulin secretion.
